High triglyceride (TG) levels and low HDL cholesterol (HDL-C) levels are risk factors for cardiovascular disease. It is unclear whether this relationship depends on glycemic dysregulation, sex, or LDL cholesterol (LDL-C) level.
High levels of triglyceride (TG) and low levels of HDL cholesterol (HDL-C) are considered to be risk factors for coronary heart disease (CHD) (1) and ischemic stroke (2, 3) . Lowering the LDL cholesterol (LDL-C) level with statin therapy is the primary target in reducing atherosclerotic cardiovascular disease (ASCVD) (4, 5) . Yet, high TG and low HDL-C levels remain prevalent in some statin-treated adults (6) . Prospective studies (7) (8) (9) (10) have suggested that a high TG level in combination with a low HDL-C level, also called "atherogenic dyslipidemia," may be a clinical marker to identify adults who are at risk for ASCVD. This may be particularly true of individuals with obesity and metabolic disease, as insulin resistance (IR) directly contributes to such dyslipidemic abnormalities (11) (12) (13) (14) . Moreover, in the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial, participants with diabetes who were receiving treatment with a statin for LDL-C control and had both high TG and low HDL-C experienced cardiovascular protection with fenofibrate, which lowers TG and raises HDL-C levels, among other favorable lipid-modifying effects (15) .
In view of the links between metabolic disease and atherogenic dyslipidemia, and amid the ongoing obesity and diabetes epidemics affecting contemporary societies (16, 17) , understanding the role of abnormal levels of TG and HDL-C as cardiovascular risk factors in different dysmetabolic states is of considerable clinical and public health importance. It remains unclear whether the high TG and low HDL-C levels used to define atherogenic dyslipidemia are associated with different risks of incident CHD or ischemic stroke in distinct populations defined by diabetes status, sex, or LDL-C level (7) (8) (9) (10) . Evidence analyzing electronic medical records has suggested that there are increased CHD risks related to high TG and low HDL-C levels in individuals with diabetes, but important patient characteristics were not well controlled (18) . We hypothesized that high fasting plasma TG level in combination with low HDL-C level is a risk factor for CHD and ischemic stroke among American Indians, who have a high prevalence of obesity and diabetes, and that the magnitude of these relationships depends on diabetes status, sex, and LDL-C level.
RESEARCH DESIGN AND METHODS

Study Population
The Strong Heart Study (SHS) is an ongoing, community-based, prospective cohort study of American Indians from South Dakota, North Dakota, Oklahoma, and Arizona (19) . A total of 4,549 participants (age range 45-74 years) were enrolled at the baseline examination between 1989 and 1991. Participants returned for follow-up visits in 1993-1995 and 1998-1999 . Morbidity and mortality have been updated and recorded annually. Detailed information about study design and data collection in the SHS has been reported previously (20, 21) and is accessible at the website (http://strongheart.ouhsc.edu/). The current analytic sample consisted of 3,216 eligible individuals at SHS baseline, after excluding 331 participants who had a history of cardiovascular disease (CVD) at baseline, 68 people who had missing baseline measurements of TG or HDL-C, and 934 participants from one community who withdrew consent for the study. Informed consent was obtained from each participant. The participating tribes and the institutional review boards of the participating institutions and the Indian Health Service approved the SHS.
Baseline Data Collection
At SHS baseline, each participant underwent an in-person interview, physical examination, and structured questionnaire data collection. All participants also provided blood and urine specimens after a 12-h fast. The following markers were measured in these specimens using standard procedures: plasma lipid panel (TG, total cholesterol, LDL-C, and HDL-C) (22) and lipoproteins (23), insulin (24) , glucose (22) , creatinine (25) , fibrinogen (25), urinary albumin, and creatinine (26) . Participants with no known diabetes also underwent a 2-h oral glucose tolerance test (consisting of a blood draw, to measure glucose, 2 h after a 75-g oral glucose load) (20) . In all participants, blood pressure and anthropometric measurements (weight, height, and waist circumference) were performed according to standardized procedures by trained and certified study staff (20) . BMI was calculated as weight (in kilograms) divided by height (in meters) squared. Demographic information, lifestyle habits (alcohol use, tobacco smoking, physical activity), medical history, medication use, family history of illnesses, and physical activity were collected using structured questionnaires (20 (28, 29) . Physical activity was captured in a questionnaire regarding activities related to leisure time and occupation in the past year (30) . The questionnaire for physical activity has been applied and assessed in the Pima Indian Study of Arizona using Caltrac activity monitors (Accusplit Corporation, Livermore, CA). Correlation between past-week self-reported physical activity and activity monitor counts was high (r = 0.8). Test-retest correlations for past-year occupational and leisure time activities ranged from 0.63 to 0.92 (30, 31) . Total physical activity was the sum of the MET hours per week (MET-h/week) for leisure time and occupational activities.
Ascertainment of Incident CHD and Stroke
The current study included incident fatal or nonfatal events of ischemic stroke and CHD from the SHS baseline to 31 December 2007. These events were identified by annual morbidity and mortality surveillance, including a review of tribal and Indian Health Service hospital records and death certificates or by direct contact with participants and/or their families at each follow-up visit, with subsequent adjudication by study physicians using standard criteria as described previously (20, 32) . CHD included fatal myocardial infarction, sudden death due to CHD, other fatal CHD event, or nonfatal definite CHD, as defined previously (32) . Stroke included ischemic fatal and nonfatal strokes, as described previously (33) .
Statistical Analyses
Fasting TG levels were categorized into "normal TG" (,150 mg/dL) or "high TG" ($150 mg/dL), and fasting HDL-C levels were categorized into "normal HDL" ($40 mg/dL for men and $50 mg/dL for women) or "low HDL" (,40 mg/dL for men and ,50 mg/dL for women), per the Adult Treatment Panel III (34) and the 2013 American College of Cardiology/ American Heart Association guidelines (35) . Using these cut points, we also defined TG-HDL status into the following four categories based on both TG and HDL-C levels: 1) "normal TG-normal HDL" (the referent category, defined as having normal TG and normal HDL-C levels); 2) "normal TG-low HDL"; 3) "high TG-normal HDL"; and 4) "high TG-low HDL." A priori, we hypothesized the following: 1) that TG-HDL status confers different risks for incident CHD and ischemic stroke; and 2) that these relations depend on sex, diabetes status, and LDL-C level (7) (8) (9) (10) .
Distributions for continuous variables were examined to identify outliers and violations of normality. ANOVA was used to compare the mean values of continuous variables with normal distributions. For variables with skewed distributions, we instead conducted the nonparametric median score test and presented the median and interquartile range (first and third quartiles). x 2 tests were used to compare categorical variables. The time-to-event distribution (for incident ischemic stroke and CHD, separately) was assessed using the KaplanMeier method and compared according to the TG-HDL status, using the log-rank test. Incidence rates of stroke and CHD per 1,000 person-years were calculated by dividing the cumulative number of stroke or CHD cases by all at-risk personyears during follow-up. The person-year was estimated from the date of the baseline examination (1989-1991) to the first date of incident stroke or CHD diagnosis, date of death, or 31 December 2007, whichever occurred first. If a participant experienced an incident stroke and an incident CHD event, the event that occurred first was included for analysis. The 95% CIs for the crude incidence rates were estimated by generalized linear model, assuming a Poisson distribution for the probability distribution of outcome of count data (number of participants with incident CHD or stroke) during follow-up and an a-value of 0.05.
Cox proportional hazards models were conducted to estimate hazard ratios (HRs) and 95% CIs relating each of the following: TG level alone, HDL-C level alone, and TG-HDL status, to incident CHD and separately to incident stroke. Initially, the multivariable models were stratified on the location of the participating SHS study sites and included baseline age and sex (basic model). The full multivariable models additionally controlled for risk factors for CHD and stroke, including smoking, BMI, estimated LDL-C level, use of antihypertensive medications (yes/no), diabetes (yes/no), categorical physical activity (MET-h/week in quartile), eGFR-MDRD, and UACR. We stratified the Cox model on the location of the participating SHS study sites, which allowed different baseline hazards at each site and estimated the coefficients for TG-HDL status in relation to CHD or ischemic stroke by using the product of the partial likelihood functions for each individual stratum. Models excluded 246 participants (8%) who had missing information on one or more of the covariates, including 88 people who had undetermined LDL-C levels due to a TG concentration of $400 mg/dL. Full models did not include lipid-lowering medication use or the HOMA-IR because ,3% of participants used lipid-lowering medication at baseline (27) and HOMA-IR was not applicable for participants with diabetes. The final models did not include alcohol use because it was not observed to be associated with either CHD or ischemic stroke in the SHS population (27, 36) .
We also explored associations between TG-HDL status and risks of nonfatal and, separately, fatal CHD. However, these analyses were limited because of the smaller subgroup sample sizes. We did not explore analogous relationships regarding incident nonfatal and fatal stroke because of having few fatal incident stroke events (n = 11).
To test whether sex (male/female), diabetes (yes/no), or LDL-C status (high/not high) modified relationships between TG-HDL status and the risks of incident CHD or ischemic stroke, 1) TG-HDL status by sex, 2) TG-HDL status by diabetes status, and 3) TG-HDL status by LDL-C status were each separately added to the full model. LDL-C level was defined to be high if it was $130 mg/dL. We considered a P value for interaction of ,0.05 to be statistically significant for effect modification. All statistical analyses were performed using the SAS statistical software package version 9.4 (SAS Institute, Cary, NC).
RESULTS
Baseline Characteristics by TG and HDL-C Status
Of the 3,216 participants at baseline (mean age 56 years), 37% had normal TG and normal HDL, 30% had normal TG and low HDL, and 24% had high TG and low HDL, whereas only 9% had high TG and normal HDL (Table 1) . About 50% were 45-55 years old, and the age distribution was not observed to vary by TG-HDL status. Physical activity (in MET-h/week) appeared similar across the four groups of TG-HDL status in men and women. Other baseline characteristics differed. About 65% of participants with low HDL-C levels, regardless of TG status, were female, whereas high TG-normal HDL or normal TG-normal HDL was as likely in men as women. Overall, 41% of participants (481 men and 853 women) had diabetes. Having diabetes, higher fasting plasma glucose levels, and higher fasting insulin levels varied by TG-HDL status (P , 0.001 for each). Sixty percent of participants with high TG and low HDL levels and only 30% of those with normal TG and normal HDL levels had diabetes. About 40% of those with high TG and normal HDL levels or normal TG and low HDL levels had diabetes. Higher LDL-C level, hypertension, microalbuminuria, and macroalbuminuria were more common in participants with high TG, regardless of HDL-C. Larger waist circumference and higher BMI were more prevalent in participants with low HDL-C, regardless of TG level. Women without diabetes had the lowest incidence rates of CHD and stroke (7.6 and 1.9 per 1,000 person-years, respectively). Men with diabetes had the highest incidence of CHD (39.1 per 1,000 person-years), and men and women with diabetes had similar rates of stroke.
TG-HDL Status and Risks of Incident CHD and Ischemic Stroke
By TG-HDL status, participants with high TG and low HDL levels were least likely to be free of CHD or stroke during followup (Fig. 1) . High TG and low HDL-C levels were each associated with incident CHD, but with not incident ischemic stroke, after adjustment for age, sex, BMI, smoking, LDL-C level, diabetes, use of antihypertensive medications, physical activity, UACR, and eGFR-MDRD (Table 2) . Participants with high TG levels had a 19% greater hazard of CHD (adjusted HR 1.19; 95% CI 1.00-1.42) than those with normal TG levels. Participants with low HDL-C levels had a nearly significant 17% greater hazard of CHD (adjusted HR 1.17; 95% CI 0.99-1.35) than those with normal HDL-C levels. High TG level alone was associated with an adjusted HR estimate of 1.28 for stroke, compared with normal TG level, and a low HDL-C level was associated with an adjusted HR of 1.35 for stroke, compared with normal HDL-C, but their CIs also included unity. High TG and low HDL levels were associated with a 32% greater adjusted hazard of CHD (adjusted HR 1.32; 95% CI 1.06-1.64) compared with normal TG and normal HDL levels. Participants with high TG and low HDL levels had an adjusted HR estimate of 1.46 for incident ischemic stroke, but the CI included unity (95% CI 0.92-2.33).
Among 789 incident CHD cases, 587 were nonfatal. The HR estimates for incident nonfatal CHD were comparable to those for overall incident CHD. For example, participants with high TG and low HDL levels had a 47% increased adjusted hazard (adjusted HR 1.47; 95% CI 1.14-1.89). For the smaller subgroup with incident fatal CHD, the HR estimates appeared lower than those for nonfatal CHD; for example, participants with high TG and low HDL levels had a 10% increased adjusted hazard (adjusted HR 1.10; 95% CI 0.72-1.68). However, the 95% CIs were wide, contained unity, and overlapped with their counterparts for nonfatal CHD.
Diabetes status and possibly LDL-C level, but not sex, were observed to modify the relationships between TG-HDL status and the risks of incident CHD and incident stroke. In participants with diabetes, high TG alone was associated with an increased CHD risk (HR 1.47; 95% CI 1.08-2.00, per SD change [207 mg/dL] in TG), and increased HDL-C level alone was associated with reduced stroke risk (HR 0.72; 95% CI 0.53-0.97, per SD increase [12 mg/dL] in HDL-C) ( Table 3 ). The relationship of Data are reported as n (%) or HR (95% CI). 1 Basic models stratified on SHS centers and included age and sex. 2 Full models additionally included BMI, smoking (current, past, ever), estimated LDL-C level, diabetes (yes/no), antihypertensive medications (yes/no), categorical physical activity (MET-h/week in quartile), UACR (continuous), and eGFR-MDRD (continuous). 3 High TG: fasting TG $150 mg/dL; low HDL-C: HDL-C ,40 mg/dL (men) or ,50 mg/dL (women). Table 3 -TG-HDL status in relation with CHD or ischemic stroke in participants without and with diabetes TG-HDL status to the risks of incident CHD and stroke depended on diabetes status (P value for interaction = 0.003 and 0.060, respectively) ( Table 3) . High TG-low HDL was associated with a 1.54-fold greater hazard of incident CHD (HR 1.54; 95% CI 1.15-2.06) and a 2.13-fold greater hazard of incident stroke (HR 2.13; 95% CI 1.06-4.29) in participants with diabetes, but associations were not observed in participants without diabetes. Additional adjustment for A1C levels in the multivariable models did not substantially alter the hazard estimates for CHD risk (HR 1.41; 95% CI 1.04-1.90) but attenuated the hazards for stroke (HR 1.78; 95% CI 0.88-3.63). In participants without diabetes, the estimated associations between TG-HDL status and incident CHD and stroke did not substantially change after additional adjustment for HOMA-IR.
The relationship of TG-HDL status and incident CHD risk may have depended on LDL-C level (P value for interaction = 0.064). High TG and low HDL levels were associated with an adjusted HR of 1.42 (95% CI 1.02-1.97), and normal TG and low HDL levels were associated with an HR of 1.48 (95% CI 1.07-2.05) for CHD in participants with LDL-C levels of $130 mg/dL, but no associations were observed in those with LDL-C ,130 mg/dL. LDL-C level did not appear to modify TG-HDL status in relation to ischemic stroke (P value for interaction = 0.435). Sex was not observed to modify the relationships of TG-HDL status to incident CHD or stroke risks (P value for interaction = 0.827 for CHD, P value for interaction = 0.887 for stroke).
The correlation coefficient for eGFR-MDRD and eGFR-CKD-EPI was 0.898. Using eGFR-CKD-EPI instead of eGFR-MDRD in the full models did not change the HRs or 95% CIs for the overall population or by diabetes status.
CONCLUSIONS
As efforts to personalize strategies against CVD persist, this longitudinal prospective study observed that fasting high TG levels combined with low HDL-C levels in the context of diabetes status and LDL-C level might identify subpopulations at increased risk of incident CHD and/or ischemic stroke. Particularly in men and women with diabetes, fasting high TG levels combined with low HDL-C levels was associated with increased risks of incident CHD and ischemic stroke. In particular, adults with fasting LDL-C levels of $130 mg/dL who have high TG levels combined with low HDL-C levels may also have an increased CHD risk. However, the degree of IR among adults without diabetes and the degree of glycemic control among adults with diabetes did not appear to modify the relationship of TG-HDL status and incident CHD or ischemic stroke.
Diabetes was present in .40% of our baseline cohort. Previous large prospective studies of high TG-low HDL dyslipidemia and CVD risk included few, if any, participants with diabetes, and some did not differentiate CHD from ischemic stroke (9, 10) . The current study observed that high TG and low HDL levels are related to a multivariable-adjusted estimated 54% increased risk of incident CHD in adults with diabetes, regardless of A1C level, and this relationship was not observed in adults without diabetes. In an analysis of electronic medical records, a diabetic population with an LDL-C concentration of ,100 mg/dL and high TG and low HDL levels had an estimated 35-62% greater risk of incident CHD during the 10-year follow-up compared with those with normal TG and HDL-C levels (18) . An isolated low HDL-C or high TG level was each associated with CHD risk in men, but not in women, with diabetes (18) . However, lifestyle factors such as physical activity were not well controlled in that study.
The current study observed that high TG and low HDL levels are related to an increased risk, particularly in adults with diabetes or a higher LDL-C level. Reducing the TG level and increasing the HDL-C level by using fenofibrate or niacin failed to demonstrate improved cardiovascular outcomes in patients with diabetes (ACCORD trial) (15) or established CVD (AIM-HIGH trial) (37), who also had LDL-C levels at goal. However, fenofibrate reduced CVD risk in the subpopulation of participants with diabetes who had high TG and low HDL-C levels at baseline in the ACCORD trial (15) .
Insulin plays an important role in lipid metabolism, and IR, together with hyperglycemia, may lead to dyslipidemia associated with ASCVD in type 2 diabetes (11) (12) (13) (14) . Increased levels of TG with decreased levels of HDL-C is common in diabetes and likely due to the overproduction of TG-rich, large VLDL particles and reduced hepatic clearance for TG (12, 13) . Large VLDL particles promote cholesteryl ester transfer protein activity, attracts cholesteryl ester from LDL-C and HDL-C in exchange for TG, and enhances HDL-C catabolism by hepatic lipase. Subsequently, HDL-C levels decrease, TG content in LDL-C and HDL-C increases, and TG-rich atherogenic small, dense LDL particles are produced in adults with diabetes (14) .
This study has several strengths. The SHS provided an excellent large, prospective cohort of both men and women with a high prevalence of diabetes. Diabetes status and also measures of glycemic dysregulation were available. Incident ischemic stroke (and other stoke subtypes) and CHD were adjudicated during a median follow-up time of 17.7 years. The lipid profile and other covariates were obtained at baseline in participants with no history of CVD. The temporality ensures that measurements of lipids and risk factors preceded the CHD and stroke events. There are several limitations. First, these results should be confirmed in other ethnic populations since the analysis is restricted to American Indians, who have the highest prevalence of diabetes among all ethnic groups in the U.S. Also, the present findings are not necessarily generalizable to populations at lower risk based on a lower prevalence of smoking, a higher prevalence of treated hypertension, or lower LDL-C levels. The generalizability of the findings to other populations warrants caution and separate evaluation. However, the diabetes and obesity epidemics have been rising in the U.S. population during the time course of the SHS (38,39). The SHS population provides valuable information for high-risk populations with similar cardiovascular characteristics. No evidence has suggested that the pathogenesis of diabetes or CVD in American Indians is different qualitatively from that in other ethnic groups. Second, because fewer cases of stroke were observed, analyses for stroke risk may be statistically unstable. The sample size also constrained the potential sex-specific analyses by diabetes status (and by LDL-C status). Third, TG levels were obtained during a fasting state. TG levels typically become elevated after a meal, and nonfasting TG has been associated with increased CVD risk (40). Most TG and HDL-C measures are obtained in a fasting state in the clinical setting; thus, interpretation of the study results could be clinically relevant. Fourth, multiple comparisons, although conducted with a priori hypotheses, could have increased the probability of a chance significant finding. Fifth, interpretation of the results of subgroup analyses is limited because of smaller numbers of actual cases in the subgroups.
This prospective cohort study observed that the relationship between TG-HDL status and risk of CVD depends on diabetes status. A high fasting TG level in combination with a low HDL-C level was associated with increased risks of incident CHD and ischemic stroke, particularly in those with diabetes or with an LDL-C level of $130 mg/dL, independent of other ASCVD risk factors. Recognition of these patterns may help to enhance lipid-targeted strategies to prevent CHD and ischemic stroke.
